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1. INTRODUCTION

It is now 31 years since Watson and Crick? first proposed a double helical structure for DNA on the
basis of the fibre diffraction data of Wilkins et al.® and Franklin and Gosling.®’ However, it is only
recently, with the development of efficient and rapid methods of large scale oligonucleotide synthesis, )
that it has been possible to obtain single crystal structures of a number of short oligonucleotides. These
have comprised examples not only of the well known right-handed B~ and A® !V families of DNA,
but also of a novel left-handed family of DNA, known as Z DNA.*2~ 5 Moreover, the single crystal X-
ray diffraction studies have revealed the structural details at atomic resolution of individual base-pairs
along the helix heretofore unavailable from fibre diffraction studies which only yield theaverage structure
of a DNA polymer.“1¢~ 18 Stereo pairs of B, A and Z DNA are illustrated in Figs 1 to 3 and their main
structural features are summarized in Table 1.

Although X-ray diffraction provides extensive structural detail, the crystal and fibre structures of
oligonucleotide crystals and DNA fibres are subject to crystal packing forces and local high ionic
strengths,”'® and these may well account for much of the local structure variations observed. In this
respect, it should be noted that whereas the structure of the self-complementary DNA dodecamer 5'd
(CGCGAATTCGCG),* in the crystalline state does not exhibit a two-fold axis,'® the structure of the

* Nucleic acids have three structural components: (i) a 5-membered sugar ring which is deoxyribose in DNA and
ribosein RNA, (i) heterocyclic bases (A, adenine; G, guanine; C,cytosine; T, thymine; U, uracyl)attached tothe C1’ of
the sugar ring in the § configuration and (iii) the 3’5’ phosphodiester linkage joining the individual nucleoside (i.e.
base—sugar) units together.
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F1G. 1. Stereoview of B-DNA: (a) View parallel to the helix axis with protons highlighted, (b) view perpendicular
to the helix axis.

same molecule in solution appears to be symmetric as judged by the observation of only a single set of
proton resonances for each nucleotide residue.2%-2V It is therefore of considerable interest to determine
the three-dimensional solution structures of oligonucleotides under physiological conditions where
intermolecular interactions are less pronounced.

Short oligonucleotides are not only suitable for single crystal X-ray diffraction but also for high
resolution *H-NMR studies. Consequently, their solution structures can potentially be solved, thereby
enabling acomparison of the structures in the crystalline and solution states to be made. It is the purpose
of this review to outline the approaches used to obtain the solution structure of such oligonucleotides.
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FiG. 2. Stereoview of A-DNA: (a) View parallel to the helix axis with protons highlighted, (b) view perpendicular
to the helix axis.

2. NMR METHODOLOGY

2.1. General Approaches

Essentially there are four NMR approaches which can be used to derive structural information on an
oligonucleotide in solution. The analysis of chemical shifts by the calculation of through space magnetic
effects has been used but as yet is only qualitative in nature and is usually based on available crystal
structure data asinput parameters.?2-2¥ The use of paramagnetic relaxation effects is well known, but its
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FIG. 3. Stereoview of Z-DNA: (a) View parallel to the helix axis with protons highlighted, (b) view perpendicular
to the helix axis.

application is fraught with difficulties as many assumptions have to be made, particularly when an
external paramagnetic probeis used.?# The analysis of three bond spin—spin coupling constants hasalso
been used extensively, particularly on very short oligonucleotides,®5 =27 but suffers from the fact that the
relation between dihedral angles and three bond spin—spin coupling constants is solely empirical
in nature and the information deduced is essentially qualitative rather than quantitative.2%-2®
Moreover, under conditions where oligonucleotides with six or more base-pairs are entirely double
stranded, very few coupling constants are resolved sufficiently to be measured accurately, even by two-
dimensional NMR techniques. Potentially the most direct and powerful method of conformational
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TABLE 1. Average structural features of B, A and Z DNA (5-13)

B A z
Helix sense right right left
Helix rise ~34A ~27A ~38A
Helix twist ~36° ~33° —60°/2
Base-pairs per turn 10 11 12
Repeéting unit mononucleotide mononucleotide dinucleotide
Base tilt ~4° ~18° ~ —8°
Ratio of groove width >1 <1 —
(major/minor)
Ratio of groove depth ~1 >1 —
(major/minor)
Glycosidic bond anti low anti anti (pyrimidine)
conformation syn (purine)
Sugar pucker conformation 0l'-endo to C2"-endo C3'-endo C2'-endo (pyrimidine)

C2'-exo to Cl'-exo (purine)

analysisisthe use of the proton—proton nuclear Overhauser effect (NOE)todemonstrate the proximity of
two protons in space and to determine their separation.®®*® This approach has met with considerable
successin the study of small proteins,®! ~ 37 ligand—protein interactions,®8 ~# nucleic acid—nucleicacid
interactions,'*” transfer ribonucleic acids“® ~*% and oligonucleotides.®** =67

2.2. The Theoretical Basis of the NOE

The underlying basis of the NOE arises from the transfer of magnetization between two protons i and j
by a process known as cross-relaxation (see Fig. 4). The cross-relaxation rate o,;between the two protons
is given by the equation

— ')’4h2 6Teﬂ‘ ' 1)
%5 = 100\ T T+ 40ty (

A -lo,+0g))
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FIG. 4. Diagrammatic representation of the underlying basis of the NOE, illustrated for a three spin system. ¢,; and
p; are the cross-relaxation and total spin—lattice relaxation rates respectively. The NOE N;; observed on resonance
i following irradiation of resonance j for a short time ¢ is given by N;; ~ a;;t providing o;; R ¢, 0r a;; R 0,



6 ANGELA M. GRONENBORN and G. MAR1US CLORE

where ey is the effective correlation time of the i—j interproton vector, r;; the distance between the two
protons, w the Larmor frequency, y the gyromagnetic ratio of the proton, and # is Planck’s constant
divided by 27.®® For large molecules (MW 2 1000) with long correlation times (z.q = 1 x 109 sec)for
which wter > 1, the NOEs observed are negative. However, when wter > 1, the NOEs will no longer be
selective in the steady state (i.e. following saturation of the resonance of say proton i for time t » coina
conventional one-dimensional experiment) owing to highly effective cross-relaxation between many
protons, a phenomenon known as spin diffusion.®® Under these conditions no structural information
can be obtained. This problem can be completely circumvented by using only short times for either the
selective saturation pulse in the one-dimensional experiment’® 7" or for the mixing time in the two-
dimensional experiment.”2-7% In this manner, the pre-steady state NOE between two protons i and j is
observed. For an irradiation time ¢ the pre-steady state NOE, N, (t), is given by

Nij(t) ~ ot )
providings;; R gy 0ra;; R 0, (wherekis any other proton), astheinitial build uprate ofthe NOEisequal
tothecross-relaxationrate o;;between the two protons.’® = 7¥ It will be noted that under these conditions
the magnitude of the pre-steady state NOE observed on the resonance of any proton i is no longer
dependent on the total spin lattice relaxation rate p; of proton i but only on the cross-relaxation rate

between protonsiand . Distanceinformationcan then be obtained as g;;is proportionalto (r;; ®) [cf.eqn.
(1)]. Thus, the ratio of two interproton distances can be obtained from the equation

Filtie = (Oke/03;)® ~ [Nie (0)/Ny (0116 3)
providing the effective correlation times of the i—j and k—¢ interproton vectors are the same. If one of
the distances is a known internal reference distance then the other interproton distance can be
calculated.

Because o oc {r;®), direct (first order) pre-steady state proton—proton NOEs are only detectable
up to distances of around 5A, beyond which effects fall to less than —19 and become virtually
undetectable. Moreover, errors introduced by the measurement of the NOE at only a single short
irradiation time or mixing time, result in only small errors in interproton distance ratios, providing
control experiments have been carried out to verify that the initial rate approximation given in eqn. (2)
is approximately valid under these conditions. [Note that relatively small departures from the initial
rate approximation have very little effect on the determination of distance ratios using eqn. (3).] Thus,
a relative error of say +0.2 in the estimate of the ratio of two NOEs with values of —309% and —5%,
results in only an error of +0.09 in the value of the calculated distance ratio.

2.3. Experimental Measurement of Pre-Steady State NOEs

Considering conventional one-dimensional NMR first, the NOE experiment simply involves the
saturation of the resonance of say proton i and observing the changes in intensity of the other proton
resonances. In order to eliminate artefacts, this is best done using interleaved difference spectroscopy
using a pulse sequence of the type

L& =Pu(vi 15)-Poo=AQ(+ )= (t1=Pa(Vorr, 13)~Poo—~AQ(— )], 4)

where ¢, is a relaxation delay to allow the spins to return to equilibrium between pulses, P,(v,t,) and
P,(vor, t,) are the selective on-resonance (at the position of proton i) and off-resonance saturation
pulses applied for a time ¢, and AQ(+) means that the signal is either added or subtracted in the
computer. Typically m is 8 or 16 transients, and the cycle is then repeated n times to obtain an
adequate signal-to-noise ratio.

The two-dimensional NOE experiment, known as NOESY, involves the application of a sequence
of three successive non-selective 90° pulses.!’3:74

(90°-t,-90°-7,—90°~t,-t5),. (5)
The first 90° pulse creates transverse magnetization. During the evolution period ¢, the various

magnetization components precess with their characteristic precession frequency in the x—y plane of
the rotating frame and are thus frequency labelled. After the second 90° pulse, cross-relaxation leads to
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incoherent magnetization exchange during the mixing time 7,. The signal is recorded immediately
after the third pulse as a function of ¢,; ¢ is a fixed relaxation delay to enable the system to reach
equilibrium after each recording. The experiment is repeated for a set of equidistant ¢, values. To
obtain adequate signal-to-noise ratios, n transients are accumulated for each value of t,. Two-
dimensional Fourier transformation of the data matrix s(t,,¢,) then produces the desired frequency
domain spectrum s(f;,f;). Peaks corresponding to the one-dimensional spectrum appear on the
diagonal, and NOE connectivities between individual lines are manifested by pairs of cross-peaks in
symmetrical locations with respect to the diagonal peak.

To eliminate experimental artefacts and to suppress axial peaks and multiple quantum coherence
transfer, appropriate phase cycling schemes must be used comprising typically 16 to 32 steps.5:79 In
addition, symmetrization of the NOESY spectrum is also essential to remove artefacts.””

Conventionally, the NOESY spectra are displayed in the absolute value mode. For small proteins of
MW ~ 6000 such as bovine pancreatic trypsin inhibitor, this presentation is usually adequate. In the
case of oligonucleotides, however, such data handling in general leads to considerable losses in signal-
to-noise. Indeed, this loss is so extensive, owing to the relatively large linewidths of many of the
resonances, that the absolute value NOESY spectra of oligonucleotides are of little value. This
problem can be circumvented by recording pure phase absorption NOESY spectra. This involves
slightly modifying the pulse scheme given in eqn. (5). Two approaches have recently been proposed,
one by States et al.7® and the other by Marion and Wiithrich,””® the latter being the simplest to
implement. In essence this simply involves using the pulse scheme

(900'1’ -t _gox_Tm_gox_IZ_IS)n (6)

where ¥ and x indicate the phases of the three radiofrequency pulses. ¥ is incremented at the same
time as ¢, and is successively x, y, —x, —y. The phase incrementation amounts to an apparent change
of the rotating frame frequency by half of the f; spectral width. As a result, a real transform of the data
with respect to ¢, produces a spectrum in which positive and negative f; frequencies are distinguished.
The benefits of the pure absorption mode NOESY spectra are highly significant in two important
respects: (i) the signal-to-noise ratios are greatly improved, (ii) a true representation of cross-peak
intensities is obtained.

One further technical point needs to be stated as regards the 2D NOE experiments. In addition to
the transfer of magnetization by cross-relaxation during the mixing time z,,, magnetization between J
coupled spins is also transferred by multiple quantum coherence transfer. With the exception of zero
quantum coherence, the latter can be eliminated by suitable phase cycling. There are several
approaches that can be used to eliminate zero quantum coherence, and the simplest of these involves a
random variation between 10-15 % in the value of t,,.’* It should also be noted that in the pure phase
absorption NOESY spectra, the line shape of cross peaks arising from zero quantum coherence
transfer is dispersive in both the f; and f, directions,””* so that their total integrated intensity is zero.

The choice of 1D or 2D NOE experiments largely depends on the molecule under investigation. In
very complex systems with considerable resonance overlap, there is little doubt that the 2D approach
is the superior one, at least initially. However, under conditions where 1D experiments can be
performed relatively easily, we tend to favour the 1D over the 2D experiment. The reason is that 1D
NOE difference spectra are more reliable quantitatively than the 2D NOESY spectra. Moreover, in
the 1D spectra actual NOE values are readily obtained as one can easily measure the intensity
attributable to a single proton simply by measuring the intensity of the irradiated resonance
(providing this is well resolved) in the NOE difference spectrum. This is essential if one wants to
measure cross-relaxation rates with the purpose, for example, of obtaining the effective correlation
times of fixed interproton distance vectors. In the 2D NOE experiments, however, cross-peak inten-
sities cannot be related to the intensities of resonances along the diagonal as the latter decrease as a
function of t,,.

One further point concerning the choice of 1D and 2D experiments should be mentioned. In order
to obtain a NOESY spectrum in a reasonable length of time, say less than 48 hr, the minimum
concentration of material required is ~3 mM. When the concentration available is less than this, it is
usually preferable to perform the 1D experiment.
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FiG. 5. Vector representation of the magnetization at the carrier frequency (thick arrow) and at 1/27 from the

carrier frequency (thin arrow) in the yz plane of the rotating frame during excitation by the 1-1 pulse [eqn. (7)]. In

this figure 0, = n/4. Prior to the first pulse all magnetization lies along the Oz axis. The first pulse flips all

magnetization by an angle n/4. In the interval 7, the magnetization at the carrier frequency remains stationary

whereas that at 1/27 from the carrier frequency precesses 180°. The second 7/4 pulse brings the magnetization at the
carrier frequency along the Oy axis and returns that 1/27 from the carrier to the Oz axis.

2.4. Water Resonance Suppression

In the case of oligonucleotides, the imino and amino protons undergo deuterium exchange in D,O
solution. As a result 'H-NMR studies of these protons must be carried out in H,O rather than D,0.
This necessitates the use of methods of solvent suppression in order to overcome the dynamic range
and digitization problems imposed by limited word lengths of the ADC and computer. Of the methods
available, the only ones appropriate to the study of the rapidly exchangeable protons found in nucleic
acids are those that involve the application of excitation which has a zero spectral density at the water
resonance position. This is because such methods do not involve perturbation of the exchangeable
resonances by processes such as magnetization transfer, cross-relaxation or intermolecular inter-
actions with excited water protons. Examples of the selective excitation methods include the long
Alexander®® and 2-1-4 Redfield®? pulses and the hard time-shared Redfield,®2#% jump-return,®%
1-1,8% 1-2-1¥8 and higher order binomial series®” pulses. The hard time-shared pulse sequences
have the significant advantage over the long pulses that they do not require any hardware modi-
fication to existing F'T spectrometers and are less sensitive to long-term drift in pulse amplitude. Of the
hard pulse sequences, those that do not require phase shifting are the easiest to implement and the
most effective on spectrometers not equipped with digital phase shifters. In our experience, the most
effective and simplest method is the 1-1 pulse given by

0,19, )]

The carrier is placed near the region of interest, for example in the case of an oligonucleotide, in the
region between the imino and aromatic proton resonances, 7 is the time required for the water
resonances to precess 180° in the rotating frame (namely 1/26v where dv is the difference in frequencies
between the carrier and the resonance position of the water protons), and 26, is the total flip angle.
After the second pulse, the magnetization of the water protons is returned to the Oz axis whilst that at
the position of the carrier lies along the Oy axis. The vector representation of the magnetization
behaviour in the yz plane during excitation by the 1-1 pulse sequence is shown in Fig. 5.

Figure 6 compares the 500MHz'H-NMR spectrum of a 0.35mM solution of the self-
complementary DNA hexamer 5d(CGTACT), in 90% H,O using the 1-1 (Fig. 6A), time-shared
Redfield (Fig. 6B) and 1-2-1 (Fig. 6C) pulses. In all three cases the free induction decays were
subjected to data shift manipulation®”-8® in order to reduce the intensity of the water peak still further
thereby eliminating baseline distortions in the Fourier transformed and phase-corrected spectra.
From Fig. 6 it is clear that to low field of the water peak the signal-to-noise ratios obtained using the
1-1 and time-shared Redfield pulses are comparable and slightly higher than that using the 1-2-1
pulse. To high field of the water peak, however, the signal-to-noise ratio obtained using the 1-1 pulse is
much higher than that using the time-shared Redfield pulse owing to the more favourable excitation
spectrum of the 1-1 pulse. It should also be noted that whereas the peaks to low and high field of the
water resonance have the same phase in the case of the 1-1 and Redfield pulses, they have opposite
phases in the case of the 1-2—1 pulse.

One final technical point should be mentioned. All selective excitation methods require a high
degree of spectrometer stability and accuracy of both delays and pulse lengths (typically of the order of
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F1G. 6. 500 MHz "H-NMR spectra of a 0.35 mM solution of the DNA hexamer 5'd(CGTACG), in 90 %, H,0/10%,
D,O obtained using the 1-1(A), time-share Redfield (B), and 1-2-1(C) pulses.®* In all three cases the following
instrumental conditions were used: carrier position, 3048 Hz downfield from the water resonance position; sweep
width 12,195 Hz; acquisition time, 0.366sec; interpulse delay, 0.5sec; number of transients, 960; detection, in
quadrature. In (A), (P-7-P), P = 4.5 psec and 7 = 160.5 psec; in (B), (P—1), o, P = 0.9 psec and 7 = 31.8 psec;in (C)
(Py-1,-P,~1,-P3), P, = 24psec, P, = 4.7 psec, P, = 2.2 usec, 7, = 163.8 pusec and 1, = 160.8 psec. The time
required for the water protons to precess 180° is t in the case of the 1-1 and 1-2—1 pulses and 5t in the case of the
time-shared Redfield pulse. In all three cases prior to Fourier transformation and phase correction, the acquired
FID was left shifted four times and added to the unshifted FID resulting in nulls at position 1/4W from the carrier
where W is the total sweep width.®® Experimental conditions: 0.35mM hexamer in 90% H,0/10% D,0O
containing 1 M KCl, 50 mM potassium phosphate pH 6.5 and 0.1 mm EDTA ; temperature, 5°C.
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FiG. 7. 500 MHz 'H-NMR spectrum between 0 and 9 ppm of the DNA hexamer 5d(CGTACG), in D,0 at 5°C.

The non-exchangeable resonances are labelled 135 (see ref. 57 for assignments). Experimental conditions: 0.35 mM

duplex in 99.96 %, D, O containing 1 M K.Cl, 50 mM potassium phosphate buffer pH* 6.5 (meter reading uncorrected
for the isotope effect on the glass electrode) and 0.1 mm EDTA.

0.1 psec). Moreover, in our experience a 16-bit digitizer is essential for the successful use of these pulse
sequences.

As regards the application of these selective excitation pulses to water resonance suppression in
2D NOE spectroscopy, all that is required is the replacement of the third 90° pulse in the sequences (5)
and (6) by the selective excitation pulse with a total flip angle of 90°.

3. RESONANCE ASSIGNMENT

3.1. First Level Resonance Assignment

The assignment of resonance type is easily achieved by comparison with the spectra of nucleotides
and other small oligonucleotides.?7-#% In this manner various spectral regions can be defined. In the
case of DNA oligonucleotide spectra in D,0 where only the non-exchangeable protons are observed
(see Fig. 7), the base H8, H6 and H2 resonances lie between 7 and 8.5 ppm, the cytosine H5 and the H1’
sugar resonances between 5 and 6.5 ppm, the H3' sugar resonances between 4.5 and 5 ppm, the H4,
HS and H5" sugar resonances between 3.5 and 4.5 ppm, the H2" and H2" sugar resonances between
1.8 and 3 ppm, and the methyl protons of the thymine residues between 1.4 and 1.8 ppm. In spectra in
H, O where both exchangeable and non-exchangeable protons are observed (see Fig. 8), the exchange-
able imino proton resonances lie between 12 and 14 ppm, and the exchangeable amino proton
resonances between 6.5 and 8.5 ppm.

In the case of RNA oligonucleotides, the spectral dispersion of the sugar resonances is less
favourable, as all the sugar resonances, with the exception of the H1' resonances, lie within a narrow
region of the spectrum between 4 and 5 ppm. The other proton types resonate in the same regions as
their counterparts in DNA oligonucleotides.

To complete the first level resonance assignment it is helpful to identify spin system by means of a
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FiG. 8. 500 MHz "H-NMR spectrum between 6 and 15 ppm of the DNA hexamer 5d(CGTACG), in 909 H,O at

5°C. The exchangeable proton resonances are labelled a~g and the non-exchangeable base proton resonances are

labelled as in Fig. 7 (see ref. 57 for assignments). The experimental conditions are as in Fig, 7 except the sample is in
909% H,0/10%, D,0.

2D homonuclear J correlated (COSY) spectrum. A summary of the COSY connectivities is shown in
Fig. 9 and an example of a COSY spectrum is shown in Fig. 10 for a single stranded DNA undecamer.
From the COSY spectrum the J connectivities between the H5 and H6 resonances of the cytosine
residues and between the H6 and methyl resonances of the thymine residues (via their four bond
spin-spin coupling) are easily established. In addition the sugar resonances can be grouped into

COSY CONNECTIVITIES

C(HS) «—s C(HO)
T(CHy)—T(H6)

FiG. 9. Schematic representation of through bond J connectivities in an AT base-pair. All COSY connectivities in
DNA are listed in the bottom part of the figure.
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F1G. 10. 500 MH absolute value COSY spectrum of the single stranded DNA undecamer 5d AAGTGTGATAT
between 1.5 and 7.5 ppm."**? The cross-peaks corresponding to the HI'-H2//H2", H2' — H2", H2'/H2" « H¥,
H3 < H4, H4 < HS5'/HS", T(H6)<— T(CH,) connectivities are indicated by boxed regions marked a to f
respectively. The digital resolution is 3.59 Hz/point. Experimental conditions: 6 mM single-stranded undecamer in
99.96 %, D, O containing 500 mm KCl, 50 mM potassium phosphate pH* 6.8 and 0.1 mM EDTA ; temperature 30°C.

famulies of signals belonging to the same network of coupled spins via the intranucleotide pathway
H!' - H2'/H2" <> HY & H4' & H5'/H5". In practice, however, this is usually restricted to the Hl' &
H2'/H2" connectivities as the chemical shift dispersion of the H3', H4', HS and H5" resonances is
limited.

3.2. Sequential Resonance Assignment

The full potential of NMR spectroscopy for structural studies can only be realized after identi-
fication of individual resonance lines. The general approach for obtaining sequential resonance
assignments in 'H-NMR spectra of proteins has been pioneered by Wiithrich and his collabo-
rators.®2~ 37 In a similar vein, comprehensive sequential resonance assignment strategies for nucleic
acids have recently been put forward independently by a number of groups based on the known
structures of DNA and RNA.G4~¢7 These assignment strategies rely exclusively on the use of NOE
measurements, either 1D or 2D, to obtain connectivities between all protons that are separated by
short distances (<5 A) within the spatial structure. Thus in double-stranded oligonucleotides, neigh-
bouring bases can be identified as well as bases belonging to two different strands which are involved
in base-pairing. These NOE measurements provide the main body of information necessary for
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FI1G. 11. Schematic representation of through space connectivities for right-handed B DNA. The intranucleotide
interproton distances are represented as follows: — < 25A; «——— < 3.5 A: «— o < 5A. Internucleotide
distance relations are shown on the right-hand side with large arrows (1) next to those protons that are separated
by <5A from the HS, H6, H5 or methyl protons of the base on their 3' side. All distance relationships are equally
applicable to A DNA with the exception of the intranucleotide distance between the H2' and HB8/H6 protons which
is larger than 3.5 A and the intranucleotide distance between the H3' and HB8/H6 protons which is less than 3.5A in
ADNA. The bottom part of the figure lists all interproton connectivities (distance < 5A) which are applicable to

both right-handed A and B DNA (based on crystal and fibre diffraction data given in ref. 5-11 and 16-18)
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FIG. 12. Internucleotide NOE connectivities for left-handed Z-DNA (poly d(GC)). All interproton distances <5A
are listed (based on the crystal structures in ref. 12, 13).

assignment, and in cases where not all J connectivities can be resolved, will lead to virtually complete
assignments in their own right. Figure 11 summarizes a comprehensive NOE strategy for the
assignment of all proton resonances in right-handed single and double-stranded DNA helices. (It
should be noted of course that the connectivities involving the exchangeable imino proton resonances
apply only to double stranded helices.) In the case of left-handed Z DNA, the intranucleotide distance
relationships are the same as those in right-handed DNA (although the relative magnitudes of the
sugar-base NOEs are significantly different for the purine residues which adopt a syn conformation as
opposed to the anti conformation in right-handed DNA). The internucleotide distance relationships,
however, are entirely different for Z DNA and these are summarized in Fig. 12. ‘

It is particularly important to bear in mind that the application of the schemes shown in Figs 11 and
12 for the NOE based sequential resonance assignment does not require the initial assumption of a
particular helix type for the following reasons. First, the general pattern of NOEs observed for right-
handed A and B type helices (see Fig. 11) is quite different from that observed for left-handed Z DNA
(see Fig. 12), and is easily ascertained from a simple inspection of the complete NOE data set. This
process is facilitated by the acquisition of a 2D NOE spectrum which enables one to view the entire
data set in the compact form of a single contour plot. Second, the additional demands, constraints and
information extracted from the J connectivities, the known nucleotide sequence, the nature of the
terminal residues, and, most of all, the directionality of a large number of the internucleotide NOEs,
makes the assignments based on the NOE data completely unambiguous. Furthermore, independent
evidence as to the helical state of a particular oligonucleotide can always be easily ascertained from a
CD spectrum. Thus no circular arguments are involved in the sequential assignment procedure.

3.3. Examples of Sequential Resonance Assignment

In the examples given below, illustrating the NOE based sequential resonance assignment strategy,
the oligonucleotides all belong to the right-handed family of DNA conformations.

The 1D pre-steady NOE method of assignment is illustrated in Fig. 13 with respect to the non-
exchangeable protons of residues G,, T3, A, and C; of the self-complementary DNA hexamer 5'd
(C,G,T3A,C5Gs),.5%%7 The selective irradiation pulse used in these measurements was applied for
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F1G. 13. Pre-steady state NOE measurements on the DNA hexamer 5d(CGTACG), in 99.96% D,O at 5°C.¢5®

(A) The 500 MHz 'H-NMR spectrum; difference spectra (off-resonance minus on-resonance pre-irradiation)

following presaturation for 0.3 sec of the T3(CH;) (B), T,(H6)/Cs(H6) (C), and A,(H8) (D) resonances. Relevant

assignments are taken from ref, 57. The experimental conditions are the same as in Fig. 7. (The peaks labelled with
an x are due to residual triethylammonium acetate and other impurities.)

0.3sec, and control experiments using different irradiation times for a few selected resonances
indicated that the initial rate approximation [eqn. (2)] is valid at this irradiation time. This is easily
confirmed by inspection of Figs 14 and 15 which show the time dependence of some selected NOEs
observed on C(H6) and H2"” resonances following irradiation of the corresponding C(H5) and H2'
resonances respectively.®? Up to 0.3sec, the deviation from linearity is minimal. It is also worth
noting that the approximation in eqn. (3) remains valid up to values of ¢ 3 to 4 times longer than in eqn.
(2). Irradiation of the T;(CH,) resonance (Fig. 13B) results in (i) a direct intranucleotide NOE on the
T4 (H6) resonance and indirect intranucleotide NOEs (via the T;(H6) proton) on the T,(H2') and
T4 (H2") resonances, and (ii) direct internucleotide NOEs to resonances of the 5’ nucleotide, namely
the G,(HS8), G,(H1"), G,(HZ2’) and G,(H2") resonances. Irradiation of the T;(H6)/C,(H6) resonance
(Fig. 13C) results in a combination of NOE:s: (i) intranucleotide NOEs between the T,(H6) proton
and the T,(CH,), T;(H1'), T,(H2') protons, and between the C(H6) proton and the C;(HS5), C5(H1')
and C,;(H2') protons; (ii) indirect intranucleotide NOEs between the T,(H6) and C,(H6) protons and
their respective H2" protons via the H2' protons (which occur owing to the very small separation
(1.78 A) between the H2 and H2” protons of the same nucleotide); and (iii) direct internucleotide
NOE:s between the T,(H6) proton and the G,(H8), G,(H1'), G,(H2'), G,(H2") and A ,(H8) protons,
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Relevant assignments are taken from ref. 57. The temperature is 23°C. Experimental conditions: 3.1 mM duplex in
99.96 %, D,O containing 1 M KCl, 50 mM potassium phosphate pH* 6.5 and 0.1 mm EDTA.

40 b

-20 |

0 0
0 04 08 0 04 08

Irradiation time (s)

FiG. 15. Magnitude of NOEs as a function of irradiation time for the DNA hexamer 5d(CGTACG), at 23°C®Y

(A) H2" resonances of C, (@), Cs {(O) and T, (O) following irradiation of their respective H2' resonances. (B) H6

resonances 01 € (@), €5 §0) and T D) Solowing wrradianion of the T {3335), C,i135) and 7,401, ) resonances.
The experimental conditions are as in Fig. 14.
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F1G. 16. Pre-steady state NOE measurements on double-stranded 5'd(CGTACG), in 909, H,O at 5°C (57). (a)
The 500 MHz 'H-NMR spectrum between 6 and 15 ppm. Difference spectra (off resonance minus on-resonance
pre-irradiation) following presaturation for 0.3sec of (b) the T,(H3) imino proton resonance (peak a) at
13.75 ppm, and (c) the A,(H2) proton resonance (peak 31) at 7.70 ppm. The other peak seen in the difference
spectra, peak c, is the G,(H1) imino proton resonance. The experimental conditions are as in Fig. 8.

and between the C;(H6) proton and the A ,(H8), A,(H1'), A,(H2) and A,(H2") protons. Irradiation
of the A,(H8) resonance (Fig. 13D) then results in (i) direct intranucleotide NOEs on the A (H1"),
A,(H2') and A ,(H3') resonances and an indirect intranucleotide NOE (via the A,(H2') proton) on the
A,(H2") resonance; (ii) direct internucleotide NOEs on resonances of the 5’ nucleotide, namely the
T;(H6), T5(CH,), T;(H1'), T;(H2') and T3(H2") resonances; and (iii) direct internucleotide NOEs on
resonances of the 3’ nucleotide, namely the C;(HS5) and C(H6) resonances.

The same procedure can be applied to the exchangeable imino protons as illustrated in Fig. 16 for
5d(CGTACG),.®” Thus irradiation of the imino proton resonance peak a (Fig. 16b) results in a large
intrabase pair NOE on the A,(H2) proton resonance (peak 31) and a small interbase pair NOE on the
imino proton resonance peak c. Therefore peak a must be the T;(H3) proton, peak ¢ the G,(H1)
proton and, by exclusion, peak b the G4(H1) proton. This is confirmed by irradiating the A,(H2)
proton resonance {peak 31) which results in an intrabase-pair NOE on the T,(H3) imino proton
resonance and an interbase-pair NOE on the G,(H1) imino proton resonance ¢ (Fig. 16c).

JPNMRS 17/1-B
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HOD

FiG. 17. S00MHz 'H-NMR spectrum of the duplex undecamer [5d(AAGTGTGACAT)-5d
(ATGTCACACTT)] in 99.96 ¢, D,0O at 23°C. (A) Complete spectrum between 1.0 and 8.5 ppm. (B} Resolution
enhanced expansion of the H8/H6/H2 resonance region between 7.0 and 8.3 ppm. (C) Resolution enhanced
expansion of the H1’/HS resonance region between 5.1 and 6.5ppm. (D) Expansion of the CH, and H2'/H2"
resonance regions between 1.0 and 3.0 ppm. The assignments of the numbered resonances are given in ref. 58.
Experimental conditions: 2mM duplex 11mer in 99.96% D,O containing 300 mm KCIl, 15 mum potassium phos-
phate pH* 6.8 and 0.18mm EDTA. The peaks marked x arise from low molecular weight impurities. The
expansions shown in (B) and (C) were resolution enhanced by multiplying the free induction decay by a two term
exponential function (Lorentz—Gauss multiplication) prior to Fourier transformation.



Solution structures of short nucleic acid fragments 19

I 1 s 1 . 1 L ! " 1 L L L i . 1 L 1 ) 1 L i ' 1

P
8 7 6 S ppm & 3 2 1 8 7 6 S ppm & 3 2 1

Fi1G. 18. 500 MHz 'H pre-steady state NOE difference spectra (off-resonance minus on-resonance irradiation) on
the duplex undecamer [5d(AAGTGTGACAT)-5d(ATGTCACACTT)] in 99.96 % D,O at 23°C%® following
irradiation of: (A) and (B) the T,;5(CH;) resonance 7; (C) the T, ;s (H1’) resonance 41; (D) the T 45 (CH,) resonance
6; (E) the Cog(H6) resonance 47; (F) the Cog(H5)/Cys (HS5) resonance 23; (G) the T, (CH,) resonance 5; (H) the
Ajoa(H8) and Ags(H8) resonances, 68 and 67; (I) the Cy, (H6) resonance 44; (J) the Cys (H2') resonance 8; and (K)
and (L) the Cy4 (H1’) resonance 27. See text for the assignments of the other peaks seen in the difference spectra.
Note that a decrease in intensity of a particular resonance is seen as a positive peak in the difference spectrum. The
irradiating pulse was applied for 0.8 sec for all NOE difference spectra with the exception of (B) and (L) where it
was applied for 0.4 sec. The experimental conditions are the same as in Fig. 17.

The 1D NOE approach can also be successfully applied to larger oligonucleotides. This is illustrated
for the non-self-complementary DNA undecamert*®:

Sd (A, A, Gy T,GT4G,AsCoA,T,,) 3 Astrand
¥d (T, T;0Co AsC,A,Cs T,G,T, A,) 5 Bstrand

The 500 MHz'H-NMR spectrum of this oligonucleotide and some examples of pre-steady state NOE
difference spectra in D,O are shown in Figs 17 and 18, respectively.

Considering the B strand first, we note that the sequence CTT of the three terminal residues is
unique in the duplex, thereby giving one an easy entry into the sequential assignment of the B strand
resonances via the well resolved methyl proton resonances. Irradiation of the T(CH,) resonance 7
(Fig. 18A) results in NOEs on two T(H6) resonances (peaks 51 and 49), an H1’ resonance (peak 37)
and an H2'/H2" resonance (peak 13). The magnitude of the NOE on peak 51 is ~ —20%, whilst that
on peak 49 is ~ — 109 Given that there is only a single occurrence of a TT sequence and that, in the
case of right-handed DNA, irradiation of a T(CH,) resonance will give rise to a large intranucleotide
NOE on a T(H6) resonance, and smaller internucleotide NOEs on the H8/H6, H1’, H2' and H2"
resonances of the 5’ residue, immediately enables one to assign peaks 7 and 15 to the CH, and H6
protons respectively of Ty, and peaks 49, 37 and 13 to the H6, H1’ and H2'/H2” protons respectively
of Tygp. The identification of the H1', H2' and H2" resonances of Ty;p can be achieved by irradiation of
the Ty1p (H6) resonance 51 (spectrum not shown) which results in intranucleotide NOEs on the
Tus(CH,;) (peak 7), Ty;p(H1') (peak 41) and Ty;5(H2'/H2") (peak 14) resonances, and in the same
internucleotide NOEs as observed on irradiation of the Ty;3(CH,) resonance. Irradiation of the
Tys(HI') resonance 41 (Fig. 18C) confirms the assignment of the T, z(H6) and Ty zg(H2/H2")
resonances by giving rise to the expected intranucleotide NOEs on these resonances, and, in addition,
results in a very small interstrand NOE on the Aj,(H2) resonance (peak 55). The Tios(CH;)
resonance is easily assigned to peak 6 by the large intranucleotide NOE observed on irradiation of the
Tios(H6) resonance 49 (spectrum not shown). Irradiation of the Tjop(CH,) resonance 6 (Fig. 18D)
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gives rise to the expected large intranucleotide NOE on the Tyo5(H6) resonance (peak 49), to an
indirect intranucleotide NOE via the T op(H6) proton on the Tz (H2')/(H2") resonance (peak 13),
and to internucleotide NOEs on the H6 (peak 47), H5 (peak 23), HY’ (peak 31), H2' (peak 10) and H2"
(peak 16) resonances of the residue on its 5’ side, Cop. Irradiation of the Cop (H6) resonance peak 47
(Fig. 18E) then results in intranucleotide NOEs on the Cop(HS5) (peak 23), Cog(H1') (peak 31),
Cop(H2') (peak 10) and Cy5(H2") (peak 16) (indirect via Cop(H2') proton) resonances, an internucleo-
tide NOE on the CH, resonance (peak 6) of the 3’ residue T,og, and internucleotide NOEs on the H8
(peak 67), H1' (peak 38), H2' (peak 20) and H2" (peak 22) resonances of the 5’ residue of Agg. The
internucleotide NOEs on the H8, H1" and H2” resonances of Agg and the CHj; resonance of Tyog are
also observed on irradiation of the Cos (H5) resonance 23 (Fig. 18F). (Note that peak 23 also contains
the Cya (HS5) resonance).

The same approach can be used to assign sequentially the A strand resonances, and, as in the case of
the B strand, the sequence CAT of the three terminal residues is unique in the duplex, thereby
simplifying matters. Irradiation of the T4 (CH;) resonance 5 (Fig. 18G) results in a large intranucleo-
tide NOE on the Ti;4 (H6) resonance (peak 45), an indirect intranucleotide NOE via the T4 (H6)
proton on the T4 (H2')/(H2") resonance (peak 12), and internucleotide NOEs on the HS (peak 68),
H1" (peak 40), H2' (peak 20) and H2"” (peak 22) resonances of the residue on its 5’ side, Ajga.
Irradiation of the Ajps (H8) resonance alone is not feasible as peak 68 closely overlaps with peak 67,
the Agg(H8) resonance. Thus, irradiation of peak 67/68 (Fig. 18H) results in a combination of NOEs
arising from both the Ajos(H8) and Agg(H8) resonances. From the Ao (H8) proton there are
intranucleotide NOEs on the Ajos(H1') (peak 40), Ajpa(H2') (peak 20) and Ajgr(H2") (peak 22)
(indirect via A;s (H2') proton) resonances, an internucleotide NOE on the CH; resonance (peak 5) of
the 3’ residue T4, and internucleotide NOEs on the H6 (peak 44), H5 (peak 23), H1' (peak 27), H2'
(peak 8) and H2" (peak 14) resonances of the 5’ residue Cys. (The NOEs arising from the Agg(H8)
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FiG. 19. H8/H6 (F1 axis)-H1'/H5(F2 axis) region of the pure absorption phase NOESY (300 msec mixing time)

and absolute value COSY spectra of the duplex dodecamer [5d(CCAGAACAGTGG) - 5d(CCACTGTTCTGG)]

in 99.96 %, D, 0 at 25°C (92). The H1'(i-1) «> H8/H6(i) — H1'(i) NOE connectivities are represented by interrupted

(-——-) and continuous ( ) lines for the A and B strands respectively. The H8/H6 (i-1)}-H5(i) NOE

connectivities are indicated by the dotted lines (-----). The H1’” and C(HS5) protons are indicated as X; and C,5

respectively in the figure. Experimental conditions: 8 mm duplex in 99.96 % D,O containing 100 mmM KCl, 10 mm
potassium phosphate pH* 6.8 and 0.02 mm EDTA. The digital resolution is 3.9 Hz/point.
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FiG. 20. (A) H8/H6 (F1 axis)-H2'/H2"(F2 axis) and (B) H8/H6(F 1 axis)~CH, (F2 axis) regions of the pure phase

absorption NOESY spectrum (300msec mixing time) of the dodecamer [5'd(CCAGAACAGTGG)-5'd

(CCACTGTTCTGG)] in 99.96 % D,0 at 25°C.®> An absolute value COSY spectrum of the H8/H6 (F1 axis)-

CH;(F2 axis) is also shown. An example of the H2'/H2"(i-1) — H8/H6(i) « H2'/H2"(i) NOE connectivities is

indicated by the continuous line ( ) for the Aga—Cia—Asa sequence of the A chain. The interrupted lines

(——-) in (B) indicate H8/H6(i-1)-CH,(i) NOE connectivities. The assignments by the side of the cross peaks in
(B) refer to the F1 axis. The experimental conditions are as in Fig. 19.

proton are as follows: intranucleotide NOEs on the Agg(H1’') (peak 38), Agp(H2') (peak 20) and
Agp(H2") (peak 22) resonances, and internucleotide NOEs on the Cy(H6) (peak 45), C75(H5) (peak
24), C;s(HI') (peak 25), C7g(H2') (peak 9) and C;p(H2") (peak 14) resonances.) Irradiation of the
Coa{H6) resonance 44 (Fig. 41) results in intranucleotide NOEs on the Cys (H5) (peak 23), Cos (H1')
(peak 27), Copa(H2') (peak 8), Coa(H2") (peak 14) (indirect via Cgs(H2') proton) and Cou(H3')
(4.98 ppm) resonances, an internucleotide NOE on the H8 resonance (peak 68) of the 3’ residue A ga,
and internucleotide NOEs on the H8 (peak 64), H1’ (peak 38), H2' (peak 19) and H2” (peak 21)
resonances of the 5’ residue Aga. (The internucleotide NOEs on the H8 and H1’ resonances of the Agy
residue are also observed on irradiation of the Coa (H5) resonance 23; see Fig. 18F). Fig. 18] illustrates
the NOE:s observed on irradiation of the Cys (H2') resonance 8: there are direct intranucleotide NOEs
on the Cgs (H2") (peak 14), Cos (H1') (peak 27) and Cya(H6) (peak 44) resonances, a small indirect
intranucleotide NOE via the Cos (H6) proton on the Cgy (H5) resonance (peak 23), and an internucleo-
tide NOE on the HS8 resonance (peak 68) of the 3’ residue Ajoa. These findings are confirmed by
irradiation of the Cys (H1’) resonance 27 (Fig. 18K) which results in intranucleotide NOEs on the
Coa (H6) (peak 44), Cop(H2') (peak 8) and Cyp (H2”) (peak 14) resonances, internucleotide NOEs on
the H8 (peak 68) and H1’ (peak 40) resonances of the 3’ residue A g4, and internucleotide NOEs on the
HI’ (peak 38) and the H2 (peak 57) resonances of the 5’ residue Ag,.

The approach used for the interpretation of the 2D NOE experiment is identical to that described
above. This is illustrated in Figs 19 and 20 which show the H8/H6(F1)-H1'/H5(F2) and H8/H6(F1)-
H2'-H2"/CH,(F2) regions respectively of the pure phase absorption NOESY spectrum in D, O of the
non self-complementary DNA dodecamer (92):

Sd (G C; A3 GuASA(Cy A5Gy TG, Gy,) 3 Astrand
3d (G,,G T 4Co Ty T, G T; C,A; C, C,) 5 Bstrand

Considering the B chain as an example, we note that the sequence Ggg T75 Tgp is unique in the duplex
dodecamer. Examination of the NOESY spectrum in Fig. 20B immediately establishes the assignment
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FiG. 21. (A) HI'(F1 axis)-H3'(F2 axis) and (B) HI'(F1 axis)-H4'(F2 axis) regions of the pure phase absorption
NOESY spectrum of the dodecamer [5'd(CCAGAACAGTGG) - 5d(CCACTGTTCTGG)] with mixing times of
300 and 100 msec respectively.®® The experimental conditions are as in Fig. 19.

of the methyl and base protons of these three residues via the NOE pathway
Gep(H8) «» T7p(CH;) <> T7(H6) < Tygp(CH ;) < Tgp(H6)

With this knowledge in mind, one need only turn to the NOESY spectra in Figs 19 and 20A to
establish NOE connectivities between the H8/H6 and H1’ protons and between the H8/H6 and
H2'/H2" protons, respectively, of these residues, thereby providing a useful starting point with which
to extend the assignment of the B chain H8/H6 and H1’, H2'/H2" protons in both directions. Once
these assignments are in hand the relevant intranucleotide NOEs can be used to assign the other sugar
proton resonances, as illustrated in Fig. 21 with respect to the H3' and H4' resonances.

It will be noted that in the descriptions given above a distinction is made between the H2 and H2"”
sugar resonances. This is readily made on the basis of two criteria. First the intranucleotide NOE
between the H8/H6 and H2' protons is always larger than that between the H8/H6 and H2" protons
for all glycosidic bond torsion angles within the anti range characteristic of right handed B and A
DNA (e.g. see Figs 13C,D, 18E,H,I and 22A); moreover, within this conformational range, the
principal contribution to the observed intranucleotide NOE between the H8/H6 and H2” protons
arises from indirect cross-relaxation via the H2' proton due to the very short separation of only 1.78 A
between the H2' and H2” protons. Second, the intranucleotide NOE between the H1’ and H2" protons
is usually larger and can never be smaller than that between the H1' and H2' protons for all sugar
pucker conformations (e.g. see Figs 18K,L and 22B).

4. THREE DIMENSIONAL SOLUTION STRUCTURE DETERMINATION

4.1. Low Resolution Structure

Because of the r~¢ dependence of the pre-steady state NOE, the relative magnitude of the NOEs
provides a sensitive probe which can be used to obtain a qualitative view of the solution structures of
short oligonucleotides.
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Fiz. 22. Cross-section of the pure phase absorption NOESY spectra (100 and 300msec mixing times) of the

dodecamer { SHCCAGAACAGTGG) - SHCCACTGTTCTGG)] taken with {A} the Ty (HB6) resonance and (B)

the Cpg{H1') resonance at the position of the diagonal®® These cross-sections correspond to NOE difference

spectra that would be observed in conventional one-dimensional spectroscopy upon irradiation of the Ty, (H6)
and Cp(H1') resonances. The experisnental conditions are as in Fig. 19.

The glycosidic bond and sugar pucker conformations can be assessed qualitatively on the basis of
the relative magnitudes of the intranuocleotide sugar-base NOEs. Thus, in B DNA where the glycosidic
bond conformation lies in the conventional anti range with y ~ - 1154 30° ({JUPAC Nomenclature
used) and the sugar pucker conformation extends from Ol%-endo (H{(C4'-C3') ~ 100°) to C2-endo
(& ~ 140°),'® the pattern of NOE intensities observed is Nyx.yaase > Nur-nsmes T Nuzomsme. A
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DNA, on the other hand, has a low anti glycosidic bond conformation (y ~ — 160+ 10°) and a 3'-endo
sugar pucker (6 ~ 80°)!'Y and the corresponding pattern of NOE intensities is Nps mg/me >
Nui-ugms ~ Nuz_ngms. In ZDNA, which occurs in alternating pyrimidine-purine sequences, the
pyrimidine residues have essentially the same glycosidic bond and sugar pucker conformations as in
B DNA and will therefore exhibit the same pattern of intranucleotide NOEs; in contrast, the purine
residues have a syn conformation about the glycosidic bond (y ~ 60-70°) and a 3’-endo sugar pucker
((3 ~ 800) so that the observed pattern of NOEs s NHI'—HB/HG > NHZ“—HS/HG ~ NHZLHS/HG > NH}LHE/HG.

The handedness of the helix and the overall helical conformation can be deduced from the
internucleotide NOEs with directional specificity. Thus for right-handed helices, internucleotide
NOEs are observed between the H1', H2 and H2” sugar proton of a given residue and the H8/H6 base
proton of the adjacent 3’ but not 5’ residue and, similarly between the T(CH,) protons of a given
residue and the H8/H6 proton of the adjacent 5’ but not 3’ residue. The distinction between the A and
B type geometries can then be made on the basis of the relative magnitudes of the intra- and
internucleotides between the H8/H6 and H2'/H2” protons. In BDNA the observed relative intensities
are NHZ’(i)—HB/Hé(iJ > NHZ"(,'Nl)»Hg/HG(i) > NHZ’(i——l)—HS/Hé(i)’ whereas in ADNA they are
Nuz~1)-asmem > Nuz—1)-usmein > Nuz()-us/msy- Lhe pattern of internucleotide NOEs observed
for left-handed Z DNA is entirely different as can be seen by a comparison of Figs 11 and 12.

4.2. Interproton Distance Determination

In addition to providing assignments and low resolution structural information by demonstrating
the proximity of two protons in space, presteady state NOE measurements allow one to determine
interproton distances using egn. (2) providing a reference distance is known and the correlation time
of the unknown interproton distance vector is the same as that of the reference. In the case of DNA
oligonucleotides there are three intranucleotide reference distances which are completely independent
of the structure of the DNA: namely FHY-H2's VC(H6)-CHS5) and FT(H6)-T(CH,) WhiCh, on the basis of
standard bond lengths and angles, have values of 1.78, 2.46 and 2.70 A, respectively. (Note that the
latter distance is an average given by ({r;; 6%)~1/6 calculated on the assumption of-free rotation of the
methyl group). In addition, the distance between the T(H3) and A(H2) protons in a standard Watson—
Crick AT base-pair is 2.9 A; although this distance will not be affected by propellor twisting, it will be
dependent on deviations from idealized hydrogen bond length and geometry. The difficulty, therefore,
lies in making the appropriate choice of reference distance in the calculations of the unknown
interproton distances, particularly as it is known from relaxation studies on long pieces of DNA that
the correlation time of the sugar ring is shorter than that of the bases.®3 =% Fortunately, this choice
can be based on, (i) stereochemical considerations taking into account the expected ranges of the
various interproton distances and the types of motions of the different protons as deduced from the
analysis of X-ray thermal factors®® and molecular dynamics calculations,'°* =1 and (ii) the
measured cross-relaxation rates for the H2'-H2", C(H5)-C(H6) and T(CH,)~-T{H6) vectors in short
oligonucleotides.® The latter study has shown that only a small variation occurs in the cross-
relaxation rates of these interproton vectors in different residues within each oligonucleotide, and that
the mean apparent correlation times of the C{(H5)-C(H6) and T(CH,)-T(H6) vectors are approxi-
mately equal (the contribution from free rotation of the methyl group to the apparent correlation time
of the T(CH,)-T(H6) vector being negligible*) and significantly greater than that of the H2'-H2"
vectors. On this basis we have assumed in our studies'®¢-37-1%3 that: (i) the correlation times for the
sugar—sugar, sugar—base (with the exception of the H1’ sugar—base) and sugar—methyl interproton
vectors are the same as those of the intranucleotide H2'-H2" vector; and (ii) the correlation times for
the base-base, base—methyl and H1’ sugar—base proton vectors are the same as those of the
intranucleotide H5~-H6 vector. These assumptions seem perfectly reasonable as one would expect that

*The reason that rotation of the methyl protons makes only a negligible contribution to the apparent
correlation time of the T(CH;)—H vector is as follows. As the distance between proton H and the methyl protons
increases, the angle through which the H-methyl H dipolar vectors fluctuates decreases. Moreover, there is a
decrease in the dipolar interaction due to the increasing distance. The combination of these two effects makes
rotation of the methyl group very ineffective in the relaxation process.(!1%
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the contributions from internal motion to the effective correlation time to be dominated by motions
within the sugar ring in case (i) and by motion about the glycosidic bond in case (ii). A check on the
validity of assumption (i) can be made by calculating the intranucleotide H1’'~-H2" and H2'-H3’
distances using the intranucleotide H2'-H2” NOE and distance as a reference. Both the H1'-H2" and
H2'-H3' distances have values of 2.3+0.2A for all sugar puckers, and in all cases the distances
calculated from the NOE data in this manner fall within this range.®7-1°# Similarly, a check on the
validity of assumption (ii) can be made by calculating the intranucleotide T(CH,)-T(H6) distance and
the intrabase-pair distance between the T(H3) and A(H2) protons of an AT base-pair using the
H5-H6 NOE and distance as a reference: in all cases this leads to values within +0.1 A of the idealized
values.57:39:60.104) The effect of choosing an inappropriate reference distance can be seen by
calculating the intranucleotide H5-H6 distance using the H2'-H2" NOE and distance as reference:
this leads to a value which is ~0.3 A shorter than the idealized value.

In the case of the four B type DNA oligonucleotides on which this approach has been used, the
overall root mean square difference between the NMR distances and those derived from fibre
diffraction data on BDNA is $0.5A.(57:5%:104)

4.3. High Resolution Structure

Because of the limited degrees of freedom available for a double-stranded oligonucleotide one
would expect that a reasonably large number of interproton distances (around 100 for a self-
complementary hexamer) would be sufficient to determine its three-dimensional solution structure
with a high degree of confidence. In principle, these structures can be solved by manual model building
using either skeletal models or models constructed with computer building programs. This is the
approach we have used to date, and, indeed, it permits reasonably accurate values for the glycosidic (y)
and C4-C3' (8) bond torsion angles to be obtained.*%57-109 However, because of potential
cumulative errors inherent in the manual approach, only qualitative information can be deduced for
the other structural parameters, namely the backbone torsion angles, helical twist, helical rise and base
tilt.

The problems inherent in the manual approach can potentially be overcome in three different ways.
The first method involves the use of distance—geometry algorithms. This method, which has been
applied with some degree of success to a few small polypeptides,1°%-1°%) js based on the interconverti-
bility of intramolecular distances, torsion angles and Cartesian coordinates, providing the chirality of
the structure is known.1°7 =119 Although this is possibly the most elegant approach as no initial trial
model is required, it suffers from the problem of false minima. The second and third methods both
involve starting with an initial trial model which in part reduces the false minimum problem. In the
second method, and the one we are currently pursuing, a non-linear least squares optimization
procedure is used in which all covalent bond lengths, fixed torsion angles, van der Waals contacts, and
hydrogen bond lengths and geometries are constrained within narrow limits, in order to refine an
initial trial model on the basis of the interproton distance data. In the third method, the initial trial
model is refined during the course of a molecular dynamics calculation in which pseudo potentials are
used to represent the interproton distance data. Of the two latter approaches, the molecular dynamics
method is potentially superior as regards overcoming the false minimum problem but is considerably
more expensive in terms of computing time.

The minimum requirement to determine both the glycosidic bond torsion angle (x) and the sugar
pucker conformation, defined in terms of the C4'—C3’ bond torsion angle (8), is two out of the three
intranucleotide sugar—base distances, ryy_ns/He. Fu2-ns/me, and ruy_psme. The syn and anti ranges for y
are 60+90° and 240+ 90° respectively. The distance ry;_pgme has a maximum value of 3.7-39A at
¥ = 240° (anti) and a minimum value of 2.3-2.5A at y = 60° (syn). Furthermore, each value of
rur-Hs/He 1S compatible with two values of y: 60° < y, < 240° and y, = (240° — y,)+240°. Given the
restricted degrees of freedom imposed by the five membered sugar ring, the distance ryy_nsue enables
one to distinguish between y, and y, unambiguously and to simultaneously determine the C4'—C3’
bond torsion angle (6). Similar arguments apply to any other combinations of these three distances. It
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goes without saying, of course, that the more distances available, the better the determination of y and
4, and in this respect the intranucleotide sugar—sugar interproton distances, ryy .y, ryz-ny, and
ru>_ny, are quite helpful, if available.

The C4'—C5’' bond torsion angle (y) can also be uniquely defined, providing two out of the three
intranucleotide distances ryy_us-, aa—ns, and rga_ys are known.

Once the glycosidic bond and sugar pucker conformations are known for each nucleotide, the
interresidue interproton distances enable one to define the position of each individual base-pair with
respect to its adjacent neighbours either side in terms of approximate values for the P-05'(«), O5'-
C5'(8), C3'-03'(g) and O3'-P({) backbone torsion angles, the helical twist, the helical rise and the base
tilt. In addition, where at least two distances from the imino proton of one base-pair to protons of the
adjacent base-pair (i.e. imino, amino and A(H2) protons) are known, the propellor twist and base roll
angles can be defined.

4.4. Examples

To date we have determined the solution structures of several oligonucleotides on the basis of the
approach outlined in Sections 4.2 and 4.3, principally by manual model building. These include the
DNA hexamer 5d(CGTACG), and DNA octamer 5d(ACGCGCGT), which are both characterized
by an alternating pyrimidine—purine sequence.®*®->" In the case of both oligonucleotides the overall
solution structure is that of right-handed B DNA, namely a right-handed helix with a helical rise of

FiG. 23. Stereo view of the refined solution structure of 5d(CGTACG),. This structure was generated by a
restrained least squares minimization in which all covalent bond lengths, fixed torsion angles, van der Waals
contacts, and hydrogen bond lengths and geometry were constrained within narrow limits in order to refine an
initial trial model on the basis of 200 interproton distances determined from NOE measurements. The starting
coordinates used for the refinement were those of classical B DNA as determined by fibre diffraction.
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~3.3A4, ten base-pairs per turn and the base-pairs approximately perpendicular to the helix axis. In
the case of Yd(CGTACG),, subtle local structural variations associated with the pyrimidine and
purine nucleotides are superimposed on the overall structure but the mononucleotide repeating unit is
preserved (see Fig. 23). These local structural variations are similar though less marked than in the
crystal structure of the BDNA dodecamer 5d(CGCGAATTCGCG), solved by Dickerson and
Drew,® and this difference may in part be due to weaker intermolecular interactions in solution.
In contrast, 5d(ACGCGCGT), has a clear alternating structure with a dinucleotide repeat, alter-
nation occurring in the local helical twist and the glycosidic bond, sugar pucker and phosphodiester
backbone conformations (see Fig. 24). This alternating structure is in principle similar to that of
wrinkled B DNA found in fibres of poly d(GC)' 'V and the model of alternating B DNA proposed by
Klug et al.*'> However, there are major structural differences between the latter two structures and
that of the octamer. The existence of both subtle, and more dramatic, local, sequence-specific
variations in the solution structures of DNA oligonucleotides as exemplified by the hexamer and
octamer, can clearly have a major influence on specific DNA-protein interactions. Thus, it is not
difficult to visualize that the zig-zag distribution of the phosphorus atoms around a BDNA helix, as in
the case of the octamer (Fig. 24), can present a specific multifaceted array of negative charges to a
potentially interacting protein surface.

In addition to the hexamer and octamer discussed above, low resolution structures of two non self-
complementary DNA duplexes, namely an undecamer and a dodecamer comprising portions of the
specific DNA target sites for the cyclic AMP receptor protein and the glucocorticoid receptor protein,
respectively, have been determined.*®:°? Both these oligonucleotides were found to belong to the
right-handed B DNA family.

The strategy we have outlined is not just limited to double-stranded DNA structures. We have also
determined the solution structure of the RNA pentadecamer S'r CAGAC, UG, AAYAym’CUG
comprising the anticodon loop and stem (residues 28 to 42) of yeast tRNAF™ (see Fig. 25), and carried
out a comparison of the solution structure with the crystallographic data of that portion of intact yeast
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FiG. 25. Diagrammatic representation of the solution structure of the anticodon loop and stem of yeast
tRNAPh (69 (A) Anticodon loop and stem structure as determined by X-ray diffraction of the monoclinic crystal
form of yeast tRNAP.(11%) Protons have been added using standard bond lengths and angles. The protons whose
resonances have been assigned are highlighted. (B) Schematic representation of the 3’ stacked hairpin loop
structure as found in the crystal and in solution. (C) Stabilizing interactions for the 3’ stacked loop conformation
of the pentadecamer in solution deduced from model building on the basis of 75 interproton distances determined
by NOE measurements. Hydrogen bonds are represented by interrupted lines (-———) and groups involved in
hydrophobic interactions are encircled.
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tRNAF (69 The pentadecamer adopts a hairpin loop structure in solution with the loop in a 3-
stacked conformation stabilized by both hydrogen bonding and hydrophobic interactions within the
loop. The solution structure is both qualitatively and quantitatively remarkably similar to the crystal
structure with an overall root mean square difference of only 1.2 A between the interproton distances
determined by NMR and X-ray crystallography.

Furthermore, single-stranded oligonucleotides which are inherently more flexible than their double-
stranded counterparts are amenable to this approach, as has been shown for a single-stranded DNA
undecamer.* ¥ The overall structure of this single-stranded DNA undecamer was found to be that of
a right-handed B type helix with extensive base stacking. Within this overall structure there is quite a
large degree of variability as exemplified by variations in glycosidic bond and sugar pucker conforma-
tion, most likely determined by base sequence.

In the examples given above, we have dealt only with isolated species. The same approach can also
be used for interacting systems using transferred nuclear Overhauser enhancement (TRNOE)
measurements.38-3% These simply involve the extension of classical NOE measurements to ex-

FIG. 26. Two stereoviews of the structure of rUpUpC bound to tRNAP" deduced from model building on the basis
of the interproton distance determined by TRNOE measurements.4”
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changing systems, making use of chemical exchange to transfer magnetization concerning cross-
relaxation between bound ligand protons from the bound to the free state. In this manner we have
determined the solution structure of the ribotrinucleoside diphosphate rUpUpC, the codon for
phenylalanine, bound to yeast tRNAF' #7) The glycosidic bond and ribose conformations are low
anti and 3’-endo, respectively, typical of an A-RNA type structure. The main chain torsion angles are
all within the range of those expected for A-RNA but small differences from those of conventional A-
RNA 11 result in a special structure (see Fig. 26) with a larger rotation per residue (40 to 45° compared
to 32.7° in A-RNA 11) and almost perfect stacking of the bases. These two structural features, which
are similar to those found in the anticodon triplet of the monoclinic form of yeast tRNAFhe (114,115
provide the underlying structural basis for the known greater stability of the codon-anticodon
complex relative to an equivalent double helical RNA trimer with a conventional A-RNA structure.

5. CONCLUDING REMARKS

In the present review we have outlined the potential of pre-steady state proton-proton NOE
measurements to probe the solution structures of small oligonucleotides, the methodology for
obtaining interproton distances from the NOE data, and the approaches used to derive solution
structures from these interproton distances.

The NOE measurements in solution cannot compete as yet with single crystal X-ray diffraction data
in the wealth of structural information they can provide. This is because the NOE data are only
capable of providing an interproton distance data set between protons separated by less than 54,
whereas high resolution single crystal X-ray diffraction is able to locate the positions of all atoms in
space with the exception of protons. The data obtained by the two techniques should be treated as
complementary. This is particularly so when the different natures of the solution and crystal structures
are borne in mind. Both are average structures with small time dependent fluctuations about a mean
as oligonucleotides exhibit some degree of flexibility. However, whereas the crystal structure is a
simple linear superposition of all the populations present in the crystal, the distances obtained from
NOE measurements in solution are ({r;;°>)”'/® means. Thus, whereas all fluctuations are equally
weighted in the crystal structure, the average distance between two protons in the solution structure is
weighted in favour of the fluctuations with the shorter interproton distances. In addition, the
molecules in the crystal are subject to crystal packing forces. Taking these considerations into account,
the interproton distances obtained from NOE measurements should provide a powerful tool sup-
plementing crystallographic studies, particularly in cases where crystal data are not available, in
comparative studies of oligonucleotides with an array of different sequences, and in the study of
transitions between different conformational states of DNA.

Moreover, using TRNOE measurements*®-3%) it will be possible to probe the conformations of
oligonucleotides bound to large macromolecules such as proteins and tRNA, an area which should
prove particularly fruitful as crystallization of such complexes has been extremely difficult and in
many cases not possible.
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